1. Introduction {#SEC1}
===============

Causal inference from observational data is an important but challenging problem for empirical studies in many disciplines. Under the potential outcomes framework ([@B20]; [@B31]), the causal effects are defined as comparisons between the potential outcomes under treatment and control, averaged over a certain population of interest. One sufficient condition for nonparametric identification of the causal effects is the ignorability condition ([@B30]), that the treatment is conditionally independent of the potential outcomes given those pretreatment covariates that confound the relationship between the treatment and outcome. To make this fundamental assumption as plausible as possible, many researchers suggest that the set of collected pretreatment covariates should be as rich as possible. It is often believed that 'typically, the more conditional an assumption, the more generally acceptable it is' ([@B35]), and therefore 'in principle, there is little or no reason to avoid adjustment for a true covariate, a variable describing subjects before treatment' ([@B28], p. 76).

Simply adjusting for all pretreatment covariates ([@B7]; [@B28]; [@B14]), sometimes called the pretreatment criterion ([@B40]), has a sound justification from the viewpoint of design and analysis of randomized experiments. [@B5], citing [@B9], suggested that the planner of an observational study should always ask himself the question, 'How would the study be conducted if it were possible to do it by controlled experimentation?' Following this classical wisdom, [@B32], [@B33], [@B34], [@B35]) argued that the design of observational studies should be in parallel with the design of randomized experiments, i.e., because we balance all pretreatment covariates in randomized experiments, we should also follow this pretreatment criterion and balance or adjust for all pretreatment covariates when designing observational studies.

However, this pretreatment criterion can result in increased bias under certain data-generating processes. We highlight two important classes of such processes for which the pretreatment criterion may be problematic. The first class is captured by an example of [@B12], in which conditioning on a pretreatment covariate invalidates the ignorability assumption and thus a conditional analysis is biased, yet the ignorability assumption holds unconditionally, so an analysis that ignores the covariate is unbiased. Several researchers have shown that this phenomenon is generic when the data are generated under the causal diagram in [Fig. 1(a)](#F1){ref-type="fig"}, in which the ignorability assumption holds unconditionally but not conditionally on $\documentclass[12pt]{minimal}
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Fig. 1.Two directed acyclic graphs, where $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$A$\end{document}$ is the treatment and $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$Y$\end{document}$ is the outcome of interest. (a) Directed acyclic graph for M-bias, where $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$U$\end{document}$ and $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$U'$\end{document}$ are unobserved and $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$M$\end{document}$ is observed. (b) Directed acyclic graph for Z-bias, where $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$U$\end{document}$ is an unmeasured confounder and $\documentclass[12pt]{minimal}
\usepackage{amsmath}
\usepackage{wasysym} 
\usepackage{amsfonts} 
\usepackage{amssymb} 
\usepackage{amsbsy}
\usepackage{upgreek}
\usepackage{mathrsfs}
\setlength{\oddsidemargin}{-69pt}
\begin{document}
}{}$Z$\end{document}$ is an instrumental variable for the treatment-outcome relationship.

The second class of processes, which constitute the subject of this paper, are represented by the causal diagram in [Fig. 1(b)](#F1){ref-type="fig"}. Owing to confounding by the unmeasured common cause $\documentclass[12pt]{minimal}
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The treatment assignment is a function of the instrumental variable, the unmeasured confounder and some other independent random error, which are the three sources of variation of the treatment. If we adjust for the instrumental variable, the treatment variation is driven more by the unmeasured confounder, which could result in increased bias due to this confounder. Seemingly paradoxically, without adjusting for the instrumental variable, the observational study is more like a randomized experiment, and the bias due to confounding is smaller. Although applied researchers ([@B19]; [@B41]; [@B4]; [@B1]) have confirmed through extensive simulation studies that this bias amplification phenomenon exists in a wide range of reasonable models, definite theoretical results have been established only for linear models. We fill this gap in the literature by showing that adjusting for an instrumental variable amplifies bias for estimating causal effects under a wide class of models satisfying certain monotonicity assumptions. However, we also show that there exist data-generating processes under which an instrumental variable is not a bias amplifier.

2. Framework and notation {#SEC2}
=========================
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The unadjusted estimator is the naive comparison between the treatment and control means, $$\text{ACE}^{\text{unadj}} = E(Y \mid A = 1) - E(Y \mid A = 0)\text{.}$$
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3. Scalar instrumental variable and scalar confounder {#SEC3}
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*then* $$\begin{array}{r}
{\left( \begin{array}{r}
\text{ACE}_{1}^{\text{adj}} \\
\text{ACE}_{0}^{\text{adj}} \\
\text{ACE}^{\text{adj}} \\
\end{array} \right) \geqslant \left( \begin{array}{r}
\text{ACE}^{\text{unadj}} \\
\text{ACE}^{\text{unadj}} \\
\text{ACE}^{\text{unadj}} \\
\end{array} \right) \geqslant \left( \begin{array}{r}
\text{ACE}_{1}^{\text{true}} \\
\text{ACE}_{0}^{\text{true}} \\
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\end{array} \right)\,\text{.}} \\
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Fig. 2.Directed acyclic graph for Z-bias with general instrument and confounder.

We first state a theorem without assuming the structure of the causal diagram in [Fig. 2](#F2){ref-type="fig"}.
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5.1 Numerical examples {#SEC5.1}
----------------------
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5.2 Real data examples {#SEC5.2}
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6. Discussion {#SEC6}
=============
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With a general instrumental variable and a general confounder, Theorem 4 holds without any assumptions on the underlying causal diagram, and therefore it holds even if the variable $\documentclass[12pt]{minimal}
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6.2 Extensions {#SEC6.2}
--------------

In §§ [2](#SEC2){ref-type="sec"}--[4](#SEC4){ref-type="sec"}, we discussed Z-bias for the average causal effects. We can extend the results to distributional causal effects for general outcomes ([@B15]) and causal risk ratios for binary or positive outcomes. Moreover, the results in §§ [2](#SEC2){ref-type="sec"}--[4](#SEC4){ref-type="sec"} are conditional on or within the strata of observed covariates. Similar results hold for causal effects averaged over observed covariates. We give more details in the [Supplementary Material](#sup1){ref-type="supplementary-material"}. In this paper we have given sufficient conditions for the presence of Z-bias; future work could consider sufficient conditions for the absence of Z-bias.

6.3 Conclusion {#SEC6.3}
--------------

It is often suggested that we should adjust for all pretreatment covariates in observational studies. However, we show that in a wide class of models satisfying certain monotonicity conditions, adjusting for an instrumental variable actually amplifies the impact of the unmeasured treatment-outcome confounding, which results in more bias than the unadjusted estimator. In practice, we may not be sure about whether a covariate is a confounder, for which one needs to control, or perhaps instead an instrumental variable, for which control would only increase any existing bias due to unmeasured confounding. Therefore, a more practical approach, as suggested by [@B29], Ch. 18.2), [@B3] and [@B27], may be to conduct analysis both with and without adjusting for the covariate. If two analyses give similar results, as in the example in [Table 2](#T2){ref-type="table"}, then we need not worry about Z-bias; otherwise, we need additional information and analysis before making decisions.
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